The Aswan High Dam Reservoir management system was developed to simulate dam operation under varying boundary conditions taking as example climate change and Millennium Dam construction, and analyze the optimal operation rules of the reservoir taking into account a large number of objectives, including hydropower production and water supply for irrigation purposes. The developed system runs on Windows platforms and comprises three basic modules: a user-friendly graphical interface managing all graphic features, a computational engine where all the algorithms are implemented, and a database and files module managing hydrological and operational data. The developed model was calibrated. The future hydrologic scenarios developed have been used to assess the expected impacts of potential climate change (baseline and three periods with two global emission scenarios) and the Millennium Dam. The new operation rules were used for scenarios analysis. It was concluded that overall applying the new operation rules will decrease the percentage of occurrence of minimum water levels. Also, the Millennium Dam will increase the percentage of occurrence of minimum water levels. Finally, the period III (2070-2099) for the two global emission scenarios is very critical for the dam operation.
INTRODUCTION
Successful integrated management of water supply systems requires the effective use of Decision Support Systems (DSS) able to support managers to make key decisions.
According to a structural definition ( . Currently, the vast majority of reservoir system planning and operation is undertaken using simulation and optimization models (Lund & Guzman ) .
To date, these have focused primarily on the physical aspects of the system (Reitsma ) . They are frequently based on simple engineering principles for dam operation, such as keeping reservoirs full for water supply or empty for flood control. As such, they provide a great deal of flexibility in the specification of system operations under various flow, storage and demand conditions. Many rules are based on largely empirical or experimental success, determined either from actual operational performance, performance in simulation studies or optimization results. These experimentally-supported rules are common for large multi-purpose projects. Georgakakos () describes four scales at which DSS can improve reservoir network management by improving decision making:
• long term infrastructure planning and construction; • interannual and seasonal operational decisions for overyear storage and water contracts;
• 1-3 month operational decisions for dry period conservation or flood management; and
• daily releases for water allocation or hydropower operation. Decision support at the first scale is used in a planning capacity, where the decisions are for changes or improvements in infrastructure.
The operational decisions associated with the other three scales are primarily reservoir release schedules. DSS can help operators make releases which best meet the objectives of the project: meeting user demands, suitable deficit allocations during drought periods, and most importantly a release schedule which appropriately balances the present demands with the value of storage for future demands. provided by the Intergovernmental Panel on Climate Change (IPCC). A weighting was assigned to each scenario, for riskbased planning approach, to study how the risk outlined is sensitive not only to selected climate scenarios but also to analytical design choices such as weight projections. In much of the existing and quite limited research only current reservoir operating rules are used to determine how water systems will respond to climate change.
Many studies including the Aswan High Dam Reservoir (AHDR) simulation and optimization models have been conducted, but the availability of reliable data and economic and human resources burdens the implementation of complex models for the management of water (Alarcon & This study attempts to develop a DSS for managing the AHDR operation for adaptation to climate change. The system has several important characteristics. We develop a tool of analysis that is easy to use and easily accepted by managers who have little training in quantitative analysis, and that corresponds as closely as possible to the way in which water release decisions were made historically. Of course, the overriding goal is to design decision rules that significantly improve on previously practiced rules, especially in the event of extreme hydrological conditions such as flooding or drought and climate change scenarios. The manager can easily use the DSS on a monthly basis, to quickly analyze the impact of several different alternative courses of action (such as water release schemes) on the relevant objectives and other quantities of interest (such as electricity generation and reservoir storage). The system is a scenario-driven decision support tool for incorporating climate change into new operating rules for the AHDR. Therefore, the DSS proposed in this study can be used to determine reservoir operation rules that adapt to new conditions whenever information is available (for example updated GCM output).
CASE STUDY DESCRIPTION
Construction of the AHD on the River Nile in southern Egypt began in 1960 and was completed in 1972. The dam is in fact the core of all production in Egypt. It is the foundation upon which the country's contemporary industrial, agricultural and economic revival depends. The intended purposes of the project are irrigation, hydropower generation and flood control.
With regard to its relative economic importance, the dam project has a unique position among the big irrigation projects in the world. AHDR, known as Lake Nasser, is a reservoir formed as a result of the construction of the AHD. It is located on the border between Egypt and Sudan (see Figure 1) .
The reservoir has a large annual carry-over capacity of 168.90 BCM (billion cubic meters) that corresponds to a lake surface area of 6,540 km 2 , length of 500 km and an average width of 12 km. The ratio between storage capacity and the corresponding surface area or the storage mean depth for the AHD is 24.82 m. About 300 km of its length lies within the Egyptian borders, while 200 km are within Sudanese territory.
The total storage capacity of the reservoir is allocated as follows: 90 BCM as live storage capacity between levels 147 and 175 m (meters above sea level, MASL), 31 BCM as dead storage for sediment deposition, and 41 BCM as a flood control buffer between the levels of 175 and 182 m (MASL). The reliable water supply from the AHDR is estimated as 55.5 BCM yr À1 , based on the average natural flow of 84 BCM yr À1 , reservoir evaporation losses of 10 BCM yr À1 and an allocation of 18.5 BCM yr À1 for the Sudan. The reservoir satisfies the multiple roles of water conservation, flood protection and hydropower generation. The releases from the dam are designed to meet irrigation requirements, which vary markedly from one season to another and hydropower is generated as a secondary benefit. In addition, the reservoir is operated to control the annual flood by drawing down the reservoir to a predetermined level on a specified date each year. Additional constraints on the operation of the reservoir are imposed by the need to limit the magnitude of releases so as to avoid downstream degradation and/or hindrance to navigation. During low flood years, the water released for different uses, in Egypt and Sudan, is reduced according to a sliding scale in order to avoid reservoir emptying. The amount of monthly releases, therefore, is determined by the amount of the flood and essential requirements. The Studies of climate change impact on the Nile River show that the basin is extremely sensitive to temperature and precipitation changes (Strzepek & Yates ) . An increase of develop 'easy to use' computing tools in order to perform these scenario analyses studies and to improve the management of the High Aswan Dam Reservoir under climate change.
ASWAN HIGH DAM RESERVOIR MANAGEMENT SYSTEM (AHDRMS)
The developed management system is a computer-based tool comprising three subsystems: the modeling subsystem, the database subsystem and the user interface subsystem, interconnected with each other. Computer software was developed, using Visual Basic, by the author and it is named 'Aswan High Dam Reservoir Management System (AHDRMS)'. The capabilities of the developed system help in understanding a given problem, explore the consequences of different alternatives and facilitate sensitivity analyses.
One of the main objectives of this study was to determine the possible scenarios of climate change and then incorporate this information into the system in order to determine the impact that climate change is likely to have on the natural availability of the water resources in the river basin.
The database subsystem 
Operation rules
This includes the top of the buffer, Toshka spill, max daily release, minimum daily release, beginning of water year storage and Aswan emergency spill zone.
The irrigation requirements
Irrigation demands downstream from the High Dam are taken to be 55.5 BCM yr À1 (MWRI ). The monthly schedule of demands is given in a table from the database in terms of percentage of total annual demands, following the monthly distributions.
The hydropower requirements
This includes the energy demand, tail water elevation, max turbine flow, generating efficiency and working turbine hour.
The monthly evaporation rates
The annual evaporation losses from the reservoir are divided between the months, the highest evaporation rates from the reservoir occur in May-October, while the lowest values occur in the period December-February.
The modeling subsystem
In this study, the modeling subsystem is based upon a simulation model that operates on the basic principle of water balance accounting, where both the engineered and biophysical components of a water system are represented to facilitate multi-stakeholder water management dialogue for reservoir operations and hydropower generation, Typically AHDRMS is applied by configuring the system to simulate . So we will include Sudan intake in our model from Table 1 .
El-Sheikh Zayed Canal -El-Sheikh Zayed Canal conveys water discharge from Lake Nasser to the newly cultivated lands in the national project of El-Sheikh Zayed, constructed 1998/1999. The huge pump station (on Lake Nasser left bank) is used to elevate water from Lake Nasser to the El-Sheikh Zayed Canal. The station has been designed to have a maximum static lifting of about 52.5 m to ensure its operation when the water level in Lake Nasser reaches its lowest level of storage, which is 147 m above (MASL). The designed maximum discharge of the pumping station was estimated to be about 300 m 3 s À1 (25 million m 3 d À1 ). The expected annual water discharges from the lake into the canal are estimated to be 5 BCM (El-Sammany ). The canal has a length of 60 km, bed width of 30 m, side slopes with 2:1 gradient and is lined to prevent seepage from the canal. Table 2 presents the monthly intake of this project if it operates to its full capacity. 
Operation rules restriction module
This module monitors both the upstream water level and the outflow downstream dam. The task of this module is to ensure that the maximum water level upstream of the dam is not exceeding the maximum limit during any time step and, also, to avoid increasing of the outflow discharge downstream of the dam higher than the safe limits if possible. Lake Nasser 
The calculation of evaporation losses and seepage losses
will be operated based on the surface area and the water 7. Repeat the respective steps for the following months.
The operation of a reservoir is described by the water balance equation under various constraints concerning storage volume, outflow from the reservoir and water losses.
The water balance equation applied on a monthly basis has the following form:
where S (tþdt) : storage at time (t þ dt) (m 3 ); S t : storage at time t Volume elevation (million m 3 , m) empirical relation is given by:
A ¼ À3, 164:28 þ 25:4914V þ 1, 092:92 ln V ð Þ
The constraint concerning storage volume V t is: The mean monthly outflow discharge Q t during month t must satisfy the constraint:
Output module
Hydropower module -The general equation which presents hydropower generation is a function of several factors such as discharge through the turbines, water head on turbines, the specific weight of water and the turbine's efficiency.
The general equation is given by Eshra ():
where P ¼ generated electric power output in (kW), computed the evaporation losses from the reservoir and found that the yearly average of the daily evaporation rate is 6.33 mm d À1 and the average volume of the annual water lost by evaporation is about 12.5 BCM. In this simulation analysis, evaporation is calculated monthly as a function of the surface area of the AHDR and fixed monthly coefficients as in Table 3 , and is calculated by the following equation (Mobasher & Ostrowski ) :
where A t ¼ reservoir area at beginning of month t (km 2 ), A t þ 1 ¼ reservoir area as at the end of month t (km 2 ), and
For the seepage losses, the empirical regression functions for seepage losses and water levels used for this part are as follows (Eshra ):
where S ¼ the flow in BCM/month to the ground water in Lake Nasser, and H ¼ the storage level in meters.
Outflow 
Optimization module
This consists of the specification of a pre-defined algorithm, Besides computational efficiency, this approach also has the advantage of greater clarity in the decision-finding procedure.
A scenario analysis tool has been embedded into a DSS that allows a choice of the best scenario between some predefined possible scenarios for reservoir operation rules modification for adaptation to climate change. The controlled releases at the AHD give primary consideration to two objectives: meeting downstream irrigation demands and the maximization of electricity generated at the High Dam power plant. The defined objectives cannot be met with absolute certainty over the infinite future, due to lack of knowledge of future Lake Nasser inflows. The objective function utilized in this work takes the form:
where L t ¼ losses incurred from irrigation deficits and power generation deficits during time periods t (t ¼ 1, 2, …, 12), 
Suggested scenarios
The climate change scenarios generated by Beyene's study 
MODEL RESULTS AND ANALYSIS

Model calibration
The developed model was calibrated using actual measurements. The calibration was performed to study the effect of numerical approximation on model results. The calibration is also required to determine the accuracy of losses, seepage and evaporation estimations. All months through years from 1971 to 2001 were measured and calculated, and were used for calibration. Figure 9 shows the calibration result for these years. It can be concluded that the calibration process for water levels upstream of the AHD show close relationships between the model computed results and the actual readings. For different years the maximum difference between computed and measured water levels did not exceed 4 m or 2% error which is acceptable.
Optimum operation rules versus historical operation
By applying the model to 2 years of high flood period (1998) (1999) and inspecting the difference in initial storage, final storage, hydropower, release and water level by applying the new operation rules. The objective to increase the hydropower and get use of the excess water surplus by using the new operation rule the hydropower increases to 5%. By applying the model to 10 year drought period (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) ) and inspecting the difference in initial storage, With the Millennium Dam, the percentages of occurrence of water level lower than the minimum level from the AHDR for the three periods (period I (2010 (period I ( -2039 (period I ( ), period II (2040 (period I ( -2069 , and period III (2070-2099)) and the two global emission scenarios A2(B1) are 9.9% (0), 13.9% (0) and 62.6% (44.7%), respectively, compared with the baseline percentage 4%. This means the building of the Millennium Dam increases the percentage of occurrence of lowest level of the AHDR which is very critical in dam operation. In the case of the new operation rules, the percentage of occurrence of water level lower than the minimum level from the AHDR for the three periods (period I (2010 (period I ( -2039 (period I ( ), period II (2040 (period I ( -2069 , and period III (2070-2099)) and the two global emission scenarios A2(B1) are 9.7% (0), 10% (0) and 49.4% (31.67%), respectively, compared with the baseline percentage 1.9% which is better than with current operation rules. and period III (2070-2099)) and two global emission scenarios A2(B1) are 8.4 (13.2), 6.7 (8.8) and 3.6 (4.9) BCM, respectively, compared with the baseline release of 8.9 BCM (Figure 11 ).
Effect on release variations
Effect on hydropower variations
Without the Millennium Dam, the mean annual hydropower generated from the AHDR for the three periods (period I (2010 (period I ( -2039 (period I ( ), period II (2040 (period I ( -2069 , and period III (2070-2099)) and two global emission scenarios A2 (B1) are 9,614 (9,875.8), 6,501 (6,773.6) and 5,094.5 (5,553.8) GWh, respectively, compared with the baseline release of 8,842 GWh. It means Egypt will suffer from a 26.5% (23.4%) decrease in power generated during period II (2040 II ( -2069 , and a 42.3% (37.2%) decrease in period III (2070-2099) and a 8.74% (11.7%) increase in period I.
In the case of the new operation rules, the mean annual hydropower generated from the AHDR for the three periods (period I (2010 (period I ( -2039 (period I ( ), period II (2040 (period I ( -2069 , and period III (2070-2099)) and the two global emission scenarios A2(B1) are 7,380.5 (10,003.2), 6,257.7 (7,416.4) and 4,135.3 (5,192.4 ) GWh, respectively, compared with the baseline release of 8,914 GWh. It means Egypt will suffer from a 27.9% (24.5%) decrease in power generated during period II (2040 II ( -2069 , and from a 44.2% (36.3%) decrease in power generated period III (2070-2099) and from a 6.6%
(11%) increase in power generated in period I.
With the Millennium Dam, the mean annual hydropower generated from the AHDR for the three periods (period I (2010-2039) , period II (2040-2069), and period III (2070-2099)) and the two global emission scenarios A2 (B1) are 7,380.5 (10,003.2), 6,257.7 (7,416.4) and 4,135.3 (5,192.8) GWh, respectively, compared to the baseline release of 7,521.7 GWh. It means Egypt will suffer from a 16.8% (32.9%) decrease in power generated during period II (2040 II ( -2069 , and a 45.2% (30.9%) decrease in period III (2070-2099) and a 1.9% (32.9%) increase in period I. In the case of the new operation rules, the mean annual withdrawal from the AHDR for the three periods (period I (2010-2039) , period II (2040-2069), and period III (2070-2099)) and the two global emission scenarios A2(B1) are 7,175.8 (10,110.1), 6,095.1 (7,362) and 4,199.5 (5,624.5) GWh, respectively, compared with the baseline release of 7,517.9 GWh (Figure 12 ). It means that Egypt will suffer from a 18.9% (2%) decrease in power generated during period II (2040-2069), and 44% (25%) decrease in power generated during period III (2070-2099) and 4.6% (34.5%) increase in power generated during period I.
CONCLUSION
This paper introduces a user-friendly DSS for reservoir management, which was shown to yield accurate operating rules for the AHDR, integrates the various model components effectively, and provides a reliable and userfriendly decision aid. The major contribution of our flexible AHDRMS is that it enables a scenario analysis that captures the decision maker's judgments, facilitating a flexible decision process. Depending on the decision situation and expertise available, it is possible to use simple simulation methods, as we did in our application, or sophisticated optimization methods. The participation in the decision process is not limited to reservoir operators, and many partiessuch as administrators and politicians can be involved in the decision making process as well.
The future hydrologic scenarios developed have been used to assess the expected impacts to potential climate change and Millennium Dam development scenarios. The operation policies which were determined by the MWRI were used for the scenarios analysis in the simulation model of the developed AHDR Management Model.
In the simulation experiment, it can be concluded that overall applying the new operation rules will decrease the percentage of occurrence of minimum water levels. Also, the Millennium Dam will increase the percentage of occurrence of minimum water levels. In addition, the period III (2070-2099) with the two global emission scenarios A2 (B1) is very critical for the dam operation as there is the highest percentage of decrease of water level below the minimum level, as well as the highest decrease in water release, evaporation losses and hydropower generated. Also, in the case of global emission (B1 for periods I and II), there is an increase in water release, evaporation losses and hydropower generated compared with the baseline. Hence, our basic AHDR Management Model can be generalized to a wider class of reservoir management problems. As climate change in coordination with water conservation projects can impact on Nile water availability, the assessments carried out demonstrate that management models are necessary to assess the potential benefits of future development and management strategies that might mitigate adverse effects. The developed AHDRMS has produced meaningful results that can now be incorporated in water management and policy-making considerations. It is hoped that the results of these assessments will lead to be more informed AHDR strategies for future development, adaptive management, and risk assessment. The results from this study would provide an objective basis for decision makers to weight scenario outcomes.
